In eukaryotes, RNA polymerase I tranripdon is controged by DNA elements located within the spacers that separate the tandemly aranged rRNA genes. Unlike rRNA coding sequences, the Intergenic spacers evolve rapidly and have little sequence similarity even among dosely related species. Nonetheless, the arranement of functional elements, such as spacer promoters and enhancers, is thought to be highly conserved. Here, we identify spacer promoters in the plant Arabidopsis (3)(4)(5)(6)(7)(8). However, in Drosophila, the majority of the spacer is composed of tandemly repeated spacer promoters that stimulate transcription from the downstream gene promoter (9-11). Though earlier studies suggested a similar function for Xenopus spacer promoters (12), the mechanism by which spacer promoters augment transcription remains unclear. Nonetheless, their widespread occurrence in the animal kingdom suggests that spacer promoters serve an important function.
species. Nonetheless, the arranement of functional elements, such as spacer promoters and enhancers, is thought to be highly conserved. Here, we identify spacer promoters in the plant Arabidopsis daliana, thereby demonstrating their existence in both the plant and animal kingdoms. We also use an Arabidopsis tranient expression system to perform tanscriptional analysis of the ribosomal gene promoter. Spacer promoters share sequence similarity with the gene promoter from -91 to +22 relative to the transcription start site, +1. Deletion analysis shows that sequences required for RNA polymerase I ts tion reside within these boundaries. Spacer sequences upstream of the gene promoter have only a small positive effect on transcription in transfected protoplasts but can increase transcription from a Xenopus ribosomal gene promoter in bRiected ftrg oocytes. This trans-kingdom enhancer effect further suggests that the functional elements within eukaryotic ribosomal genes are higly conserved.
Among higher eukaryotes, the frog Xenopus laevis has served as a useful model for the organization of rRNA gene intergenic spacer elements. These include the gene promoter, repetitive enhancers, and sequences required for transcription termination (Fig. 1A) (1, 2) . As in other vertebrates, Xenopus spacers contain duplications of the gene promoter, called spacer promoters, whose transcripts have no known function (3) (4) (5) (6) (7) (8) . However, in Drosophila, the majority of the spacer is composed of tandemly repeated spacer promoters that stimulate transcription from the downstream gene promoter (9-11). Though earlier studies suggested a similar function for Xenopus spacer promoters (12), the mechanism by which spacer promoters augment transcription remains unclear. Nonetheless, their widespread occurrence in the animal kingdom suggests that spacer promoters serve an important function.
DNA elements that control RNA polymerase I transcription in plants have not been defined. However, the intergenic spacer sequences ofa number ofplant rRNA genes have been reported (13) (14) (15) (16) (17) (18) (19) (20) . Several groups have shown that plant rRNA 5' ends can be mapped to a short sequence, resembling TATATAGGG (+1 is underlined), thought to represent the transcription initiation site. However, the ribosomal gene promoter has not been verified by showing that sequences surrounding the start site constitute a promoter when assayed in vitro or by transient expression.
In the plant Arabidopsis thaliana, 570 rRNA genes per haploid genome are clustered at two loci on separate chroThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. The 3'-deletion constructs pAtlA+47, pAtlA+ 18, pAtlA+6, pAtlA-1, and pAtlA-13 were derived from pAtl by partial exonuclease III deletion (25) . HindHI linkers were added to the deleted 3' ends.
The spacer promoter construct p3-2350-S/i (provided by Inge Unfried, University of Vienna, Austria) consisted of sequence from -578 to +39 (relative to the downstream spacer promoter transcription start site) cloned into pBluescript I KS(+).
Isolation of Protoplasts and Transfection Conditions. Arabidopsis thaliana 'Columbia' seeds were germinated on GM medium (26) and grown in a growth chamber with 16-hr 24°C days and 8-hr, 21°C nights. Fifteen-day-old plants were cut into pieces and plasmolyzed in 0.5 M mannitol for 1 hr. The mannitol was replaced with 0.33% celiulase (Onozuka R-10)/ 0.17% Macerozyme R-10/0.4 M mannitol/7 mM CaCl2/3 mM Mes, pH 5.8. Cell wall digestion took place overnight at 21°C with gentle agitation. Protoplast handling and transfection conditions were as described (27) except that 2 mg of calf *To whom reprint requests should be addressed.
Proc. Natl. Acad. Sci. USA 90 (1993) 7529 thymus carrier DNA, 200 Ag of plasmid DNA, and 3 x 107 protoplasts were used in each transfection. The final polyethylene glycol concentration was 20% (wt/vol) .
RNA Isolation and S1 Nuclease Protection Analysis. RNA was isolated by the method of Chomczynski and Sacchi (28) and was further purified by precipitation with 2 M lithium chloride. Fifty micrograms of RNA was analyzed by Si nuclease (175 units/ml) protection (29). Transiently expressed RNAs were differentiated from endogenous transcripts by using probes labeled within plasmid sequences adjacent to the cloned Arabidopsis DNA. Oocyte Injection. The insert of p3-2350-S/i, isolated as an Xho I-BamHI fragment, was cloned with a BamHI-Xho I adaptor into the Sal I site (at -245) of the Xenopus minigene construct I40 (30). Constructs bearing enhancers were coinjected into oocytes with equimolar amounts of a control plasmid, T52 (30). The positive control construct, T401, contains a wild-type block of 10 intermixed 60-and 81-bp X. laevis enhancer repeats (30). Transcripts were detected by Si nuclease protection, using separate probes specific for each minigene (30, 31).
RESULTS AND DISCUSSION
Organization of the Arabidopsis Intergenic Spacer and Identification of Transcription Sites in Vivo. Few islands of sequence conservation have been identified in the intergenic spacers of plant rRNA genes, but one is the putative transcription initiation site, TATATAGGG (+1 is underlined). The intergenic spacer of A. thaliana contains several repeats of this motif. In agreement with Gruendler et aL (24), we hypothesized that the one closest to the coding sequence of the 18S rRNA could be the gene promoter, and the ones further upstream might be spacer promoters. If so, there is a remarkable similarity in the positioning of promoter duplications and blocks of repetitive elements in Arabidopsis and Xenopus (Fig. 1A and ref. 24) . The three TATATAGGG motifs in the Arabidopsis spacer are part of a larger repeat that is 113 bp long. The two upstream 113-bp repeats are identical and differ from the downstream repeat at only 13 positions (Fig. 1B) .
Total RNA isolated from Arabidopsis protoplasts was analyzed by Si nuclease protection and primer extension using probes that spanned most of the intergenic spacer. The strongest 5' end, located upstream of a presumptive rRNA processing site (J.H.D., Z. Ye, and C.S.P., unpublished data), mapped to the downstream TATATAGGG ( Fig. 2A) . The probe also yielded a trace amount of a protected fragment that mapped to a highly A+T-rich sequence at -71 (AAGTATTTCTTTTTTTTIG; -71 is underlined). The -71 band apparently resulted from internal Si nuclease cleavage of probe DNA hybridized to transcripts reading through the promoter from upstream, possibly from the spacer promoters (see Fig. 2B ). Primer extension using a 69-nt primer labeled at +92 yielded an extension product that mapped to +1, but no product mapping to -71, confirming that -71 does not represent an alternative initiation site (data not shown).
A possibility we tested was that the RNA 5' end at + 1 might be caused by a processing event rather than a transcription initiation event. Therefore, we performed in vitro capping of total RNA, using guanylyltransferase (United States Biochemical) and [a-32P]GTP, followed by Si nuclease protection using the same probe used in Fig. 2A . Guanylyltransferase attaches a GMP moiety onto an uncapped 5' terminus that bears a triphosphate or diphosphate, but not onto a 5 monophosphate or hydroxyl terminus (32). Since a 5' triphosphate can be present at a transcription initiation site but cannot occur by RNA processing, this experiment can distinguish between these two possibilities. By using an unlabeled DNA probe, so that any labeled species resulted from the capping reaction, a single Sl-protected RNA was detected which migrated with slightly slower mobility than an Si-protected DNA probe fragment corresponding to + 1 (data not shown). Since RNA should run about 10%6 more slowly than DNA, this result was consistent with our assignment of +1.
Additional transcription initiation sites upstream of the putative gene promoter were mapped to the upstream TATATAGGG motifs (the 5' end maps to the underlined adenosine) (Fig. 2B) . The sequences surrounding the upstream TATATAGGG motifs are identical, therefore the probe cannot discriminate between transcripts originating from one or both repeats. However, the data suggest that the Arabidopsis spacer contains the gene promoter and one or two spacer promoters [depending on spacer length variation (24)] as diagrammed in Fig. 1A .
Analysis of the rRNA Gene and Spacer Promoters by Transient Expression. To confirm the gene and spacer promoters, we developed a transient expression method (27) to determine whether sequences surrounding the transcription start sites could direct accurate transcription initiation. We first examined the region surrounding the gene promoter TATATAGGG (+ 1 underlined) motif where the most abundant 5' ends had been mapped in Figure 2A . Each of the 5 constructs tested had rDNA sequences that extended to the EcoRV site (position +92) on the 3' side of the putative transcription initiation site. The amount of 5' flanking DNA, however, varied from -2590 in pAt2, to only -92 in the deletion construct pAtlA-92. When transiently expressed in Arabidopsis cells, all constructs programmed initiation of transcripts from the TATATAGGG site (Fig. 3) , providing strong evidence that we had isolated the promoter. A proPlant Biology: Doefling et al. tected fragment corresponding to -71 was also detected and apparently represents an artifact resulting from internal cleavage of probe DNA hybridized to transcripts reading through the promoter from upstream. However, the source of the read-through transcripts is unclear, since spacer promoters are absent from all constructs except pAt2. A cryptic promoter recognized by RNA polymerase II was probably responsible, since the -71 bands were partially sensitive to a-amanitin (see below). Each construct was tested in the same batch of protoplasts with the same Si probe (in vast excess). Therefore, the relative intensity of the +1 S1 product reflected transcript abundance (Fig. 3) . Though the intensity of the +1 band decreased as 5' flanking spacer DNA was progressively removed from over 2.5 kb to 92 bp, this decrease was only about 50%6. The longest construct tested, pAt2, included both spacer promoter duplications and blocks of repetitive sequences that might function as enhancers, based on their analogous positions compared with X. laevis ( Fig. 1) and mouse (33, 34 (Fig. 4) (Fig. 5) . However, the spacer promoter consistently gave a weaker transcription signal than the gene promoter, suggesting that some nucleotide changes might affect promoter activity.
Experiments with a-Amanitin. In vitro, plant RNA polymerases I, II, and III exhibit a-amanitin sensitivities similar to those of other higher eukaryotes; RNA polymerase I transcription is resistant to high levels (>1 mg/ml), polymerase II transcription is exquisitely sensitive (<2 pg/ml), and Trans-Kingdom Enhancer Function. In Arabidopsis, the alternating arrangement of spacer promoters separated by shorter repetitive elements is similar to the arrangement of spacer promoters and enhancers in X. laevis (Fig. 1A) and mouse (33). Whether the short repeated Sal elements in the Arabidopsis spacer are enhancers in Arabidopsis is unclear, since spacer sequences had little effect on transcription in transfected protoplasts (Fig. 3) amphibians and mammals. Therefore, we tested whether Arabidopsis spacer sequences might also function as enhancers in frog oocytes (Fig. 6) . Arabidopsis spacer sequences, including a spacer promoter and a complete block ofthe short repetitive Sal elements, were cloned upstream of a Xenopus rRNA minigene (experimental minigene) and coinjected into oocytes with a second, essentially identical, control minigene (30). The two minigenes supported similar levels oftranscription when neither had enhancers attached (Fig. 6A) . Addition of 10 Xenopus 60/81-bp enhancers upstream of the experimental minigene promoter conferred a strong transcriptional advantage on the adjacent promoter, at the expense of transcription from the competing control promoter lacking enhancers (Fig. 6B) . Interestingly, the Arabidopsis spacer sequences also conferred a transcriptional advantage on the experimental minigene promoter, suggesting that they too have enhancer-like activity in Xenopus oocytes. While not addressing whether the Arabidopsis spacer can enhance transcription in plants, or which spacer elements are responsible, the result supports the hypothesis that the function of eukaryotic ribosomal gene spacer elements is highly conserved or has arisen independently among diverse phylogenetic lineages.
